The Flynn-Wall-Ozawa method was applied to study the local activation energy of flame retardant thermoset PLA, and the results showed that with an increase of conversion of thermal degradation, the local activation energy was increased slowly. When the conversion of thermal degradation was under 15%, the activation energy of flame retardant thermoset PLA was lower than that of thermoset PLA, attributed to the low bond energy of P-C bond. When the conversion of thermal degradation exceeded 15%, the dehydration charcoal effect of phosphorous compound slowed down the process of thermal degradation, and the activation energy of flame retardant thermoset PLA was higher than that of thermoset PLA, indicating that the addition of 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) enhances the thermal stability of thermoset PLA. The Coats-Redfern method and invariant kinetic parameters method were used to understand kinetics details about this process including the activation energy and apparent pre-exponential factor, and estimated contribution ratios for the 18 kinetic functions. The results showed that the addition of DOPO didn't impact the most important mechanism of thermal degradation but changed the contribution ratios of the 18 kinetic functions.
Introduction
Thermal stability of polymers is one of the greatest considerations for their potential applications including packaging, auto interiors, aerospace and ame-retardant coatings, [1] [2] [3] especially when these polymeric materials need to perform under intermediate or even high temperature conditions. Thermal degradation of polymers is usually from overheating, which leads to molecular bond breakage, and thus inuencing the material properties. Generally, three different polymer thermo-degradation mechanisms exist: thermal decomposition from the effect of temperature, thermo-oxidative degradation from elevated temperatures with the presence of oxygen and thermo-mechanical degradation when any mechanical stress is involved. 4 As the pyrolysis process of polymers is primarily kinetically dependent, 5 many factors can affect the thermal degradation kinetics such as temperature, polymer molecular weight, and their macromolecular architecture. 6 For thermoset polymer composites, this kinetics process can also be inu-enced by the type of additive, crosslinking density and how good a dispersion of nanollers is in the matrix. Understanding the thermal degradation behavior of polymer is important to analyse its ame retardancy properties and charcoal mechanism under either inert or oxidizing environment. 7 Many researchers applied numerical analysis method to simulate the thermal degradation process and establish a dynamic model to describe various degradation mechanisms [8] [9] [10] with using many approximation theories such as asymptotic expansion, Doyle's approximation, etc.
11-13
Poly(lactic acid) (PLA), as a biodegradable polyester, has received signicant attention for industrial applications due to its unique properties of high strength, high modulus, biocompatibility and easy processability.
14 It has been reported that the greenhouse gas emission rate of PLA is approximately 1600 kg CO 2 per metric ton, while that of polypropylene (PE), polystyrene (PS), polyethylene terephthalate (PET), and nylon are 1850, 2740, 4140, and 7150 kg CO 2 per metric ton, respectively.
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PLA is a type of thermally degradable material that burns at a relatively rapid heat release rate (HRR), negligible chars. 16 The thermal degradation of PLA is caused by random chain scission or specic chain-end scission because its repeated aliphatic ester structure is relatively easy to hydrolyse and break down.
Thermoset polylactic acid (TSPLA) is a kind of polymer material which can improve its heat-resistant and weatherability and mechanical properties by introducing highly crosslinked molecular structure in polylactic acid to make the movement of molecular chain greatly limited. 18 The prepolymer was synthesized on the basis of ring open polymerization or direct condensation. 19 The prepolymer was modied by the end group, with unsaturated double bonds or other reactive end groups, adding initiator or catalyst, combined with heating, illumination and irradiation to induce functional terminal crosslinking and synthesis of thermoset poly(lactic acid). Introduction of crosslinking can signicantly reduce the degradation rate of PLA compared to its linear analogous. Since the chemical structure of its backbone has not changed greatly, 18 it is still degradable and contains the advantages for green environment. Crosslinking turns out to be benecial for enhancing the heat stability and mechanical properties of linear PLA. Improved thermal stability could be obtained by synthesizing thermoset PLA. 20 The thermoset polylactic acid prepared by crosslinking makes up the poor durability and low strength of the polylactic acid itself, but the crosslinking also leads to the increase of brittleness, which limits its application. Since PLA has been widely used for many biodegrading purposes, research on the stability of polylactic acid (PLA) has also aroused the interest of many scholars. In order to better control thermal decomposition to achieve the goal of producing desired products or handling waste disposal, the reaction mechanisms of PLA thermal decomposition should be understood. 21 In the degradation process, PLA are rst decomposed to low molecular weight products due to the environmental effects such as heat, sunlight, etc. and then they are decomposed by microorganisms as carbon source. 22 However, it presents considerable processing issues due to its sensitivity to stocking and processing conditions. 22 Several groups have reported the thermal degradation mechanisms of PLA, and no radicals were produced in the various pyrolysis reactions. 23, 24 Research efforts have been focused on the enhancement of PLA thermal stability in order to allow it to be used under severe operation conditions. 25 In order to improve the thermal stability of polylactic acid, the most common method is to add nanoscale or micron-scale layered silicates (such as montmorillonite) in the polylactic acid matrix composites. [26] [27] [28] The greatest characteristics of this method not only improve the thermal stability of the composite, but also improve the mechanical properties, and reduce the cost.
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However, there are very limited studies about thermoset poly(lactic acid) thermal stability. 31 Therefore, this paper focuses on the thermal degradation kinetics of thermoset poly(lactic acid) and discusses the effect of ame retardant DOPO on the thermal degradation behavior of thermoset poly(lactic acid).
The organophosphorus ame retardant 9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO), is a white aky or powdery green phosphorus containing ame retardant. It is an effective reactive ame retardant for polylactic acid, which is smokeless and non-toxic, halogen-free, 32 and has excellent antioxidant and water resistance. Because of the biphenyl and phenanthrene ring structure in the molecular structure, the thermal stability and ame retardancy of DOPO are improved compared the ordinary non-cyclic organophosphates. Meanwhile, the DOPO molecule has a P-H bond, which can react with unsaturated bonds, carbonyl groups and epoxy bonds. 33 It can be used not only as an addition type ame retardant, but also as a reactive ame retardant, which is embedded in the molecular chain of the polymer by reaction, and is combined with the polymer chain in the form of covalent bond.
Here, a thermoset polylactic acid (TSPLA) and its ame-retardant composites with DOPO (TSPLA-5%DOPO) were studied. Based on the application of Flynn-Wall-Ozawa method, Coats-Redfern method is used to calculate the thermal degradation kinetic parameters. In addition, the kinetic model of thermal degradation was established by the constant dynamic parameter method, and the effect of the addition of DOPO on the thermal degradation behavior of TSPLA was discussed and analysed.
Experimental

Experimental section
The thermal degradation process was determined by DSC equipment (the Q100 type test instrument of TA company in the United States). The thermal degradation process of the sample was carried out in the Al 2 O 3 crucible. The weight of the experimental samples required was 5-10 mg per test. Nitrogen was chosen as inert gas during the experiment, and the ow rate was 50 ml min À1 . The reference material in the DSC device was an empty Al 2 O 3 crucible. The heating rates were 10 K min À1 , 20
K min À1 , 30 K min À1 and 40 K min À1 , respectively, and started heating at room temperature until the material was completely decomposed. Based on the experimental data of thermogravimetric analysis, the thermal degradation behavior of TSPLA was studied by the classical thermal degradation kinetics method, and the effect of DOPO addition on the thermal stability of TSPLA was discussed. The structure of DOPO was shown in Fig. 1 . In addition, the dynamic model and degradation mechanism of TSPLA during thermal degradation were determined by the constant dynamic parameter method. Finally, a threedimensional surface map of thermal degradation rate and Fig. 1 Structure of DOPO.
thermal degradation temperature was drawn, and the thermal degradation behavior of TSPLA was directly reected.
Theoretical basis of thermal degradation kinetics
Equal conversion analysis method was selected to determine the activation energy for the thermos-decomposition reaction, which can be described as aA(s) / bB(s) + cC(s) and follows the Arrhenius rule when the thermal decomposition temperature is linearly increased at a certain heating rate.
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The degradation rate of thermoset PLA during thermal degradation is expressed by the following formula:
in which a represents the conversion (decomposition) rate of PLA and k is the Arrhenius (Arrhenius) rate constant, which can be described as:
where A is the former factor, R is the gas constant (8.314 J mol), T is the temperature, and E indicates the activation energy for the reaction. By combining the formula (1) and (2), the kinetics of decomposition can be described as follows:
For the non-isothermal thermal decomposition test of thermoset polylactic acid, the heating rate is another important parameter, and the expression is as follows:
Therefore, the expression (2) and (3) can be further expressed as:
Based on this theory, the thermal degradation kinetics of thermoset poly(lactic acid) was studied and discussed in combination with Flynn-Wall-Ozawa, Coats-Redfern and invariant kinetic parameters.
Result and discussion
3.1 Determination of thermogravimetric curves of thermoset polylactic acid decomposition is easy to break. Therefore, the initial decomposition of the polymer was advanced, and its thermal stability was reduced. When the conversion rate was 50%, the decomposition temperature of TSPLA-5%DOPO was higher than that of TSPLA, which was because the dehydration of phosphorus compounds to carbon increased the thermal stability of the polymer.
Determination of ame retardancy
Limit oxygen index (LOI), also known as critical oxygen concentration, is the lowest oxygen concentration required for material combustion under experimental conditions. Limit oxygen index (LOI) of ame retardant thermoset polylactic acid (PLA) with different DOPO content was tested, and the lowest oxygen concentration was obtained, which could directly evaluate the ame retardancy of PLA. With higher the limiting oxygen index, the material is to more difficult to be burned, that is, the better the ame retardancy. The Limited Oxygen Index (LOI) test was conducted according to GB/T 2406-2009, 'Determination of Combustion Behavior of Plastics by Oxygen Index Method'. The pre-pressed composite plate was cut into 120 mm wide rectangular splines with 10 mm width. Fieen standard splines were prepared for each group, and each spline was marked 50 mm away from the ignition end. The specic testing process is as follows: equipment should be calibrated before testing; the spline was xed vertically in the centre of the combustion cylinder; the top of the sample was ignited by the igniter, and the igniter was removed immediately aer ignition so that the ame action time did not exceed 30 seconds; the ratio of oxygen to nitrogen should be adjusted to record combustion time and distance; when the spline burning time exceeded 3 minutes or the ame front exceeded 50 mm, the oxygen concentration should be lowered. If the spline burning time was less than 3 minutes or the ame front exceeds 50 mm, the oxygen concentration should be increased. Aer repeating the steps mentioned above, the oxygen content of the material when burning for 3 minutes or about 50 mm was recorded, which was the oxygen index of the material.
The oxygen index test results of ame-retardant thermoset poly(lactic acid) with different DOPO content was shown in Table  1 . The oxygen index of noname-retardant thermoset poly(lactic acid) is 22.9%. When the DOPO content was 5%, the oxygen index was 25.3%. With the increase of DOPO content, the oxygen index increased and the increase was small. And when the addition of DOPO was 5%, the LOI result of the material has increased, at the same time, the thermal stability of the sample has also been improved. It can be seen that the addition of DOPO can improve the ame retardancy of thermoset poly(lactic acid).
3.3 Thermal degradation kinetics of thermoset polylactic acid 3.3.1 Flynn-Wall-Ozawa method. The Friedman method is one of the most commonly used differential methods in the method of equal conversion thermal analysis, 35 which is the most direct way to get the activation energy. The equal conversion integral method is also called the Flynn-Wall-Ozawa method (FWO method).
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The Flynn-Wall-Ozawa method is based on the Arrhenius law, and the approximate theory of Doyle is applied. 38 The specic expression is as follows:
In the formula, g(a) is the integral form of the thermal degradation mechanism of the material:
. The lg AE gðaÞR À 2:315 part in the formula (6) is obviously a denite value for a given degradation conversion rate of a. Therefore, by tting the linear relationship between lg b and 1/T (considering the unit transformation, tting lg b vs. 1000/T actually), the slope k value of the linear relation combined with formula (6) can get the corresponding activation energy E. It could be seen that the activation energy calculated by the FWO method is independent of the mechanism function f(a). Especially, when the degradation mechanism function is uncertain, the method can also calculate the thermal degradation activation energy of the material. Fig. 3 shows the lg b vs. 1/T tting line for TSPLA and TSPLA-5%DOPO at different conversion rates (10-90%). The correlation coefficients of the tted lines in the graph are all higher than 95%, as shown in Table 2 . Since the better parallelism is maintained between the tted lines, the Flynn-Wall-Ozawa method is suitable for the thermal degradation kinetics analysis of the material system. From Table 2 , we nd that the addition of 5% ame retardant DOPO increases the activation energy of TSPLA thermal degradation from 137.002 kJ mol À1 to 171.392 kJ mol À1 , indicating that DOPO helps to improve the thermal stability of TSPLA. Fig. 4 demonstrates the change in the thermal degradation activation energy of TSPLA and TSPLA-5%DOPO under different degradation rates. With the process of thermal degradation, the activation energy of the thermal degradation of the polymer showed a slow rising trend. When the conversion rate of thermal degradation is 10%, the activation energy of thermal degradation of TSPLA-5%DOPO was less than TSPLA. However, when the conversion rate of thermal degradation exceeded 15%, the activation energy of thermal degradation of TSPLA-5%DOPO was obviously higher than that of TSPLA. Compared with other factors, the bond energy of the P-C bond is lower, 39 so DOPO affected the initial thermal degradation stage of TSPLA, and the activation energy of thermal degradation could be reduced. However, with the thermal decomposition temperature continuing to rise, dehydration charring effect of the phosphide improved the thermal degradation activation energy. 3.3.2 Constant dynamic parameter method. Based on the related compensation effect, for further study on the thermal degradation kinetics, this paper adopted invariant kinetic parameter method (constant kinetic parameters method, IKP method), which was proposed by Lesnikovich and Levchik.
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The thermal degradation mechanism of thermoset polylactic acid was discussed in this paper and thermal degradation of materials is very complicated. In the perspective of theoretical simulation, many mechanisms needed to be used to describe the actual process. Different mechanism of thermal degradation corresponded to the different mechanism function f(a), and each mechanism function could be associated with the thermal degradation mechanism of the material by the dynamic parameters and the compensation effect. 42 For a certain mechanism function f j (a) (j ¼ 1, 2, 3.), there is the following relational expression:
A jv and E jv are the apparent pre-exponential and activation energies of the mechanism function f(a) corresponding to the different heating rate
For a certain mechanism function f(a), it could be easily obtained by the formula (3):
When the heating rate is b v , the formula (8) can be deformed as follows:
In the process of thermal degradation of solids, many gaseous products were produced, and the degradation process was complex. Therefore, it also involved various mechanisms (such as random nucleation mechanism, phase boundary reaction mechanism, diffusion mechanism, etc.), and theoretical analysis required multiple mechanism functions f(a) as well. The IKP method also applies to the thermal degradation process which was not dened by thermal degradation mechanism or mechanism function. By using the related theory of IKP method, the invariable kinetic parameters and the occurrence probability of each degradation mechanism could be obtained from the thermogravimetric curve. In the study of constant dynamic parameters, the degradation mechanism and its mechanism function are classied into 18 categories in the process of thermal degradation, 43 which was shown in Table 2 . The Coats-Redfern method 45 can be used to obtain the activation energy and the apparent pre-index factors which are required by the IKP analysis method. The Coats-Redfern method is also an integral method, which is oen applied to the thermal degradation of materials. 46, 47 The formula (5) is integrated on both sides and replaced by the progressive value:
In the formula above, i represents the number of data points, and j is the number of the mechanism function in Table 3 . The ln[g j (a)/T iv 2 ] vs. 1/T iv is proposed to synthesize a straight line, and the activation energy E can be obtained by the slope calculation of the line, and the apparent pre-exponential factor A is obtained by the intercept. In addition, the B v and I v in formula (6) and (7) are the compensation parameters of the mechanism function f(a) at the heating rate b v , which can be obtained from the tting line of ln A jv vs. E jv with its slope and intercept. Lesnikovich et al. 48 studied the physical meaning of the parameters B v and I v of each temperature rise rate, b v . And it is can be obtained:
In the formula, k v is the Arrhenius rate constant of the heating rate under the b v . We can replace the expression (11) and (12) into (7) and get the following:
The A inv , E inv , which is obtained by this formula, is a constant dynamic parameter.
The TG curves of TSPLA and TSPLA-5%DOPO at different heating rates were processed and calculated by Coats-Redfern method. The values of activation energy and pre-exponential factors corresponding to the 18 mechanism functions were summarized in Tables 4 and 5 . In the case of unclear degradation mechanism, the probability of each dynamic function can be calculated by IKP method, which is specic to the content of 3.3 Section.
For four different heating rates, the corresponding kinetic parameters can be calculated according to the formula (13) . On the basis of Tables 4 and 5 , we applied formula (7) to line tting the ln A vs. E at different heating rates, and get the compensation parameters B v and I v , as shown in Table 6 . Next, the B v vs. I v was tted linearly with the formula (13), and then the invariant dynamic parameters E inv and A inv were obtained. From Fig. 5 , the activation energy of TSPLA and TSPLA-5%DOPO obtained by IKP method was 157.422 and 185.744 kJ mol
À1
, respectively. The results were in good agreement with the results obtained by the FWO method.
3.3.3 Study on kinetic function of thermal degradation. The thermal degradation process of polymer materials is of certain complexity, and many dynamic functions need to be analysed theoretically. IKP theory can be applied to calculate the occurrence probability of the kinetic mechanism of materials in the process of thermal degradation, and nally get the function expression which can accurately describe the process of thermal degradation. Table 3 18 dynamic models used in the IKP method.
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Kinetic models f j (a) g j (a)
Nucleation and nucleus growing
S11, spherical symmetry
The constant dynamic parameters E inv and A inv obtained in the last section play a decisive role in determining the dynamic function. In order to get the specic form of the dynamic function, it is also necessary to do statistical processing of the data obtained. 49 For a certain mechanism function f j (a), there is an expression under a given heating rate b v :
The most probable mechanism function, whose corresponding value S j is minimum, S j is expressed as:
Among them, p represents the number of heating rates selected. The occurrence probability of each mechanism function f j (a) is closely related to the following expression: Table 4 Activation energy and pre-finger factor of TSPLA obtained by Coats-Redfern method Table 5 Activation energy and pre-finger factor of TSPLA-5%DOPO obtained by Coats-Redfern method freedom, which is equal to the number of temperature rising rates of p. 50 The precondition of the probability of every mechanism function calculated by the IKP method is that the events of L dynamic functions are independent of each other:
P j is dened as:
For the L dynamic functions selected in this article, please refer to Table 4 . The probability of the occurrence of a dynamic function is calculated by using the above formula, as shown in Fig. 6 , and the specic data is shown in Table 7 .
The thermal degradation of polymers could not be simply described and explained by a single degradation mechanism, on account of including a variety of forms and processes. 51 As shown in Fig. 6 and Table 7 , the 18 kinetic models listed in Table 4 had different degrees of contribution to the thermal degradation process of TSPLA and TSPLA-5%DOPO. For the thermal degradation process of TSPLA, the highest contribution rate of S18 thermal degradation kinetic model was about 47.3%, which means that the diffusion mechanism played a core role in the thermal degradation process of TSPLA. In addition, S9, S10, S15 and S16 also played a signicant role, and their contribution rates were about 6.4%, 7.9%, 8% and 6.6%, respectively. Therefore, in addition to the diffusion mechanism, the reaction series mechanism was also an important mechanism for the thermal degradation of TSPLA. The addition of 5% DOPO changed the value of the contribution rate of the kinetic models to the thermal degradation process, but it did not change the core mechanism of thermal degradation. For the thermal degradation process of TSPLA-5%DOPO, S18 was still the dynamic model with the largest contribution ratio. Its contribution rate was about 21.5%, and the contribution rate of S9, S10, S15 and S16 were up to 1.3-2.3%. These probability uc-tuations may be attributed to the dehydration of phosphorus compounds to carbonization, which slowed the transfer of heat and the volatilization of thermal decomposition products.
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Therefore, the main stage of thermal degradation of PLA/DOPO can be explained by S18 degradation model, i.e. diffusion degradation mode. In the process of thermal degradation of polymer materials, the relationship between thermal degradation rate and mass transformation percentage and decomposition temperature could be established, as shown in formula (19) .
On the basis of formula (19) , combined with interpolation method in numerical analysis, we could get two three-dimensional maps shown in Fig. 7 , which could intuitively show the change rule of thermal degradation rate of TSPLA and TSPLA-5%DOPO with mass percentage and thermal degradation temperature. Overall, the addition of 5%DOPO reduced the thermal degradation rate of TSPLA, but did not change the mechanistic law of the change of thermal degradation rate. Polylactic acid has a complicated thermal decomposition process, and its main mechanism is intramolecular or intermolecular transesterication. 53 At the same time, the dehydration of phosphorus containing compounds to a certain extent inhibits the transesterication of polylactic acid and improves the thermal stability of the polymer. 54 With the rising of thermal degradation temperature, the thermal degradation rate of the two materials increased slowly. While the thermal degradation rate increased rapidly, when the thermal degradation temperature reached 700 K (about 427 degrees). In the high temperature degradation area, the fast decomposition products under high temperature could slow down the thermal degradation process to some extent, and protected the materials. Therefore, with the increase of conversion percentage, the decomposition rate had an obvious downward trend. 55 
Conclusion
Under the protection of nitrogen, using DSC test method to obtain the TG curves under different heating rates of TSPLA and TSPLA-5%DOPO in the process of thermal degradation process. 7.90% S10 9.17% S11 0.01% S11 0.06% S12 0.21% S12 0.72% S13 0.88% S13 2.13% S14 3.41% S14 5.33% S15 8.01% S15 9.82% S16 6.60% S16 8.92% S17 5.42% S17 7.20% S18 47.32% S18 21.53% Based on the application of Flynn-Wall-Ozawa method, CoatsRedfern method is used to calculate the thermal degradation kinetic parameters. In addition, the kinetic model of thermal degradation was established by the constant dynamic parameter method, and the effect of the addition of DOPO on the thermal degradation behavior of TSPLA was discussed and analysed. The specic analysis is as follows:
(1) According to the Flynn-Wall-Ozawa method, for a given thermal degradation conversion rate, the linear relationship between lg beta and 1/T is tted, and the slope activation energy can be converted into the corresponding activation energy of the thermal degradation conversion rate. From the experimental data, the average thermal degradation activation energy of TSPLA was 137.002 kJ mol À1 , and the average thermal degradation activation energy of TSPLA-5%DOPO was 171.392 kJ mol À1 . This indicates that the addition of DOPO increases the thermal stability of TSPLA, which is attributed to the dehydration of phosphorus compounds to carbonization slowing down the process of thermal degradation. With the rising of the conversion rate of thermal degradation a, the activation energy of thermal degradation tended to increase slowly. When the conversion rate of thermal degradation a is less than 15%, the thermal degradation activation energy of TSPLA-5%DOPO is smaller than that of TSPLA, which is caused by the lower bond energy of the P-C bond. When the conversion rate of thermal degradation a is greater than 15%, the activation energy of thermal degradation of TSPLA-5% DOPO is obviously higher than that of TSPLA.
(2) Using the Coats-Redfern method, the activation energy values and the apparent pre-index factors corresponding to the 18 dynamic functions were calculated. On this basis, the constant dynamic parameters of the two kinds of materials were obtained by the compensation effect and the constant dynamic parameter method. Among them, the apparent activation energy of TSPLA was E inv ¼ 157.422 kJ mol À1 , and the apparent activation energy of TSPLA-5%DOPO was E inv ¼ 185.744 kJ mol À1 , which was consistent with the conclusion obtained by FWO method. (3) The parameter A inv and E inv obtained by the constant kinetic parameter method were used to evaluate the contribution rate of 18 kinetic functions to the thermal degradation of two materials. The results showed that the addition of DOPO changed the contribution rate of each kinetic model to the thermal degradation process, but did not change the core mechanism of thermal degradation. S18 kinetic model is the most important degradation mechanism of the two materials in the process of thermal degradation.
(4) A three-dimensional surface map of the thermal degradation rate of TSPLA and TSPLA-5%DOPO was drawn by the function of decomposition rate, decomposition temperature and mass conversion rate. Compared with TSPLA, the thermal degradation rate of TSPLA-5%DOPO decreased to a certain extent. This is mainly because the dehydration of phosphorus containing compounds inhibited the transesterication of polylactic acid to a certain extent and improved the thermal stability of the polymer.
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